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ABSTRACT

Monthly mean wind-generated Ekman and Sverdrup transports and the vertical transport
into and out of the Ekman layer were computed from satellite scatterometer  estimates of 10-m
height wind spaxl components recorded from April 1992 to December 1993. During the summer
monsoon, the Ekman southward transport was about one-half the Sverdrup southward transport,
and the transport of the northward flowing Somali Curmt was about 30x106 m3 s-l. Different
results were obtained with surface wind components produced at a numerical weather pnxliction
center, illustrating the sensitivity of results to the wind data product. A correlative relationship is
found between the May-to-August decrease of sea surface temperature over the Arabian Sea and
the Ekman southward transport out of the Arabian Sea and the vertical transport of water into the
Ekman layer in the Arabian Sea.

1 INTRODUCI’ION

Two remarkable phenomenon occur in the Arabian Sea, defined as the North Indian Ocean
region north of 8°N and west of India. The sea surface temperature (SST) in August (summer
time) is nearly as low as that in January and February (winter time). The surface wind sped is
largest in July, actually twice as large as in January or February. Both features are very different
than those found in the annual cycles of SST and surface wind speed at similar latitudes in other
oceans.

Many processes influence SST in the Arabian Sea: clouds, wind mixing, horizontal and
vertical heat advection, and air-sea heat fluxes. This brief report describes a search for
corqxmdtmce between variations of monthly mean SST and wind-driven currents in the Arabian
Sea during April 1992 and December 1993.

The monthly mean average SST over the Arabian Sea reached maximum values in May
(Figure 1A). The Gulf of Aden and the Gulf of Oman were not included in the analysis. The SS1’
is almost uniform throughout the Arabian Sea in May, with horizontal variations less than 2 “C
(Figure lB). In 1992 and 1993, the average SST in the Arabian Sea decreased by 3 ‘C from May
to August (Figure 1A). The cooling was not uniform over the Arabian Sea because the SST
dropped 4-5 “C in the western Arabian Sea and 2 “C in the eastern Arabian Sea (Figure 1 C). In
August, the predominant north-south pattern of the 26 “C isotherm near 60°E (Figure 1 C) is
suggestive of processes that lower SST that am not related to solar radiation, in contrast to the east-
west patterns of the 29 and 30 ‘C isotherms that occurred in May (Figure 1 B). The hypothesis to
be tested is that SST is lowered when warm upper-layer water escapes southward and upper-layer
water is cooled by upward advection of subsurface water. Whether wind-driven horizontal and
vertical currents have a correspondence with SST variations will be examined.

The June-September All-India Rainfall Index was 7% below normal in 1992 and 2% above
normal in 1993 (J. Shukla, personal communication, 1994), which represents a year-to-year
change of nearly 10%. In May the average SST over the Arabian Sea was about 0.2 ‘C larger in
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1993 than in 1992 (Figure 1A). Whether higher amount of rainfall was related to higher SST,
which could be expected to occur because of increased evaporation associated with higher SST, is
not known because many factors contribute to monsoon rainfall over India. However, the
relationship between Arabian Sea SST and India rainfall seems to be weak because the substantial
35% change in the All-India Rainfall Index from 1987 to 1988, which was the largest year-to-year
change in nearly 70 years, was associated with the June 1987 to June 1988 SST wiriation in the
Arabian Sea of about 0.5 “C (World Meteorological Organization, 1992).

2 DATA

Monthly mean 2° x 2° averaged SST values (Reynolds, 1988) wem obtained electronically y
from the Coupled Model Project (CMP), National Meteorological Center (NMC), National Oceanic
and Atmospheric Administration (NOAA). The SST data product combines in situ observations
with advanced very high resolution radiometer (AVHRR) retrievals from NOAA polar-orbiting
spacecraft. The root-mean-square (rm) accuracy of near-instantaneous SST values is about 0.8 “C
(Reynolds, 1988).

Monthly mean 1° x 1° averaged wind components at 10-m height were computed from the
IWilich and Dunbar (1993) wind data product (called CMODFD [Q-band tiel Preilich and
~unbar]) derived from electromagnetic radiation measurements worded by the European Space
Agency (ESA) first Earth Remote Sensing (ERS- 1 ) satellite. Therms accuracy of monthly mean
CMODFD wind components is about 1.0 m s-l (Halpern et al., 1994).

3 WIND-DRIVEN CURRENT

3.1 J+orizcmtal current

The Ekman (1905) or wind-driven current for an idealimd ocean that is homogeneous in
density, infinite in depth, boundless in horizontal extent, and for an idealized wind that is uniform
in horizcxmd direction and constant in time is confined to a shallow near-surface layer of
approximately 50-100 m thick. Current speed decreases exponentially with depth and the
di~ction rotates clockwise in the northern hemisphem (counterclockwise in the southern
hemisphem). The east-west and north-south Ekman current transport components per unit width
are MEX [m2 S-l] = q/pf  and MEY [ m2 s-l] = - ~X/pf, respectively, where Zx and ~Y are the zonal
and meridional components of surface wind stress, respectively, p is water density, and f is the
Coriolis parameter which is zero at the equator. Positive directions of TX and ~ are eastward and

Jnorthward, respectively. Daily wind stress components were computed from aily 1° x 10 wind
speed components, according to the square-law formulation and wind-speed dependent drag
coefficient described by Trenberth et al. (1990). Monthly mean 10 x 10 wind stress components
were equal to calendar-month arithmetic mean values. Maximum monthly mean surface wind
stress magnitudes occurred in July, and the wind stresses in July 1993 were slightly more intense
than those in July 1992. The July 1993 wind stress and wind-stress curl (curl T =’ % /ilx - Way),

1which is employed in the calculation of wind-driven currents, is shown in Figures 2 and 2B,
respectively.

The total monthly north-south Ekman transport along a latitude, called ETY, exhibited a
strong annual cycle during 1992 and 1993 over nearly the entire Arabian Sea (except in the far
northern region north of 20”N where the magnitude was small), with southward direction from
May to November and northward direction the mnainder  of the year (Figure 3A). At a specific
latitude, the maximum southward transport was greater that the maximum northward transport.
During the 1992 and 1993 summer monsoons, the ETY values were similar, Latitude-time
variations in 1992 were very similar to those in 1993.



,. The wind-driven vertically integrated north-south transport per unit width [m2 s-l] between
the surface and an arbitmuy depth of no motion (say, at 2000 nl) is equal to curl dp~ and is called
the Sverdrup (1947) transpofi. Beta, ~, is the latitudinal change of the Coriolis pmameter. The
total monthly Sverdrup transport along a latitude (Figule 3B) exhibited a strong annual cycle, like
ETY, but only south of 13“N did the Sverdrup transport direction alternate between northward and
southward (Figure 3B). During the summer monsoons of 1992 and 1993, the Sverdrup transports
were southward below 13“N and northward above 13“N. North of 13“N, the maximum northward
total Sverdrup transport was maximum in July during the summer monsoon. During the summer
monsoon, the largest north-south gradient of Sverdrup southward transports occurred between 8C’N
and 13“N, and the gradient was mon intense in 1993 than in 1992. South of 13“N the directions
of the Sverdrup and meridional Ekman transports were the approximately same (Figures 3A and
3B).

3.2 Yenical Current

The wind-driven Ekman curnmts are horizontally nondivergent, resulting in vertical motion
into or out of the Ekman layer. Ile vertical velocity per unit area, WE [m S-l], is equal to (1/pf)
(curl t + @./f) (Stommel, 1965). The total monthly vertical transport across an area of the Ekman
layer defined by the distance along a latitude and a one-degree north-south distance is shown in
Figu~ 3C. During the southwest monsoon, the vertical transport was upwards throughout the
Arabian Sea, except south of 10“N. The Gulf of Aden and the Gulf of Oman were not included in
the analysis. Downward transports occurred primarily south of 10”N during the summer (July)
and winter (January) monsoons. Year-to-year variations were small.

4 RESULTS

The total wind-driven transports along 8.5”N, which is less than 50 km north of the
southernmost latitude of India, will be discussed. North of 8.5”N the Arabian Sea is essentially a
closed basin, with the Gulf of Aden and the Gulf of Oman not included in the analysis.

During the southwest monsoon months of June and July, the southward Ekman and
Sverdrup transports reached maximum values of about 23 Sv (1 Sv = 1 xl OG m3 S-l) and 12 SV,
respectively, and at the same time the vertical transport into the Ekman layer was maximum at
about 6 Sv (Figure 4). Consistent with the Ekman southward transport and upward motion (i. e.,
Ekman suction) during the summer monsoon were the 13kman northward transport and Ekman
pumping (i. e., Ekman pumping) that occurred during the northeast monsoon during winter
months (Figure 4).

That the magnitude of the Ekman southward transport was greater than the volume of water
transported into the Ekman layer during the summer monsoon indicated the occurrence of an
additional source of upper-layer water flowing into the Arabian Sea. The major source of
northward transport into the Arabian Sea is the Somali Current, which is a narrow-width western
boundary current. According to our estimates of wind-driven currents, the transport of the Somali
Current, which ought to equal the sum of the upward transport into the Arabian Sea and Sverdrup
transport, was about 30 Sv. This value is similar to the observed Somali Current transport at 10“N
during the southwest monsoon (Bruce et al., 1994).

In May when SST reached its maximum value in the Arabian Sea (Figure 1A), the vertical
exchange of water between the Ekman layer and deeper water and the north-south component of
the 13kman transport were negligible (Figu~ 4), In June when SST began to decrease (Figure 1A),
the average vertical velocity throughout the Arabian Sea was upward and the Ekman meridional
transport was southward along the southern boundary of the Arabian Sea (Figure 4). Ekman
suction into the near-surface layer and Ekman transport outflow from the Arabian Sea continued
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. . during July and August, but the magnitudes of the transports diminished (Figure 4). The average
SST over the Arabian Sea reached a relative minimum in August; the absolute minimum SST
occurred in January and February (Figure 1A), as expected of locations in the northern
hemisphem. The increased SST in September compared to August, albeit less than 0.25 “C
(Figure 1A), was associated with continued Ekman suction and southward transport, both of
which had small magnitudes, indicating that solar radiative heating and other processes had a more
important influence upon SST than wind-driven horizontal and vertical currents.

5 CONCLUS1ONS

Nearly two years of ERS-1 CMODFD scatterorneter wind data showed that monthly mean
variations of vertical transport into the 13kman layer and Ekman southward transport were in phase
with the SST decrease associated with the southwest monsoon. The relative importance of other
processes that reduce SST need investigation, such as clouds, evaporation, and wind-generated
mixing which entrains thermocline water into the surface mixed layer.

Wind-tilven  currents are, obviously, dependent on the wind field, and there exist many
surface wind data and data products for 1992 and 1993. In the case of the ERS- 1 scatterometer,
the CMODFD data is only one of several ERS-1 scatterometer data products. The wind-product
sensitivity of the computed wind-driven horizontal and vertical transports in the Arabian Sea is
examined by comparison of results derived from the 10-m height surface wind components
computed at 12 hour intervals on a 2.5° x 2.5° grid by the European Centm for Mexlium-Range
Weather Forecasts (ECMWF). Comparison of Figures 4 and 5 reveal that seasonal variations of
monthly mean CMODFD and ECMWF total upward transports into the Ekman layer throughout
the Arabian Sea were similar, but the maximum ECMWF upward transport was twice as large as
that computed with CMODFD data. As alrwdy noted, during the summer monsoon the
CMODFD-derived  Ekman southward transport was one-half the magnitude of the Sverdrup
southward transport along 8.5”N (Figure 4). However, the ECMWF data product yielded the
opposite conclusion along 8.75”N: the Ekman southward transport was nearly two times larger
than the Sverdrup southward transport (Figure S). A consequence of the ECMWF wind-driven
southward transports is that a northward transport beneath the Ekman layer of at least 10 Sv enters
the Arabian Sea along 8.75”N. In the case of the ECMWF data producq the computed Somali
Current transport would be 20 Sv, which is about two-thirds the magnitude estimated from the
CMODFD wind-driven currents.
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13gum 1. (A) Time series of monthly mean sea surface temperature (SST) in the Arabian Sea
(without the Gulf of Aden and Gulf of Oman) computed from Reynolds (1988) monthly mean 2°
x 2° SST data product. (B) May 1993 SST distribution. (C) August 1993 SST distribution.
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Figure 2. (A) Monthly mean July 1993 surface wind stress distribution computed from the
Fmilich and Dunbar (1993) CMODFD ERS-1 scatterometer wind data product. (B) Monthly
mean July 1993 wind stress curl computed from (A).
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Figure 3. (A) Time series of the monthly mean total north-south component of Ekman transport
(Sv) along a latitude. A solid contour indicates a positive value, in which the dinxtion is
northward. South of India, the westernmost longitude was 78°W. (B) Time series of the
monthly mean total Svedrup transport (Sv) along a latitude. A solid contour indicates a positive
value, in which the dixection is northward. South of India, the westernmost longitude was 79°W.
(C) Time series of the monthly mean total vertical transport (Sv) into or out of the Ekman layer
along a latitude and a lo-latitudinal distance. A solid contour indicates a positive value, in which
the direction is upwards. South of India, the westernmost longitude was 79”W. In each case, the
contour interval , CI, is displayed at the top of each panel. CMODFD data product was used.
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Figure 4. Time series of monthly mean (a) total vertical transport (solid line) into (positive values)
or out of the Ekman layer of the Arabian Sea (without the Gulf of Aden and Gulf of Oman), (b)
north-south component of the Ekman transport (dotted line) across 8.5°N (positive values mean
towards the north), and (c) Sverdrup transport (dash line) across 8.5°N (positive values mean
towards the north). CMODFD data product was used,
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Figure 5. Same as Figure 4, except ECMWF data product was used.


